Differential scanning calorimetry (DSC) was used to determine the thermal properties of parboiled rice, and these properties, i.e. gelatinization parameters, namely, peak temperature (T p ) and residual gelatinization enthalpy (⌬H) were evaluated. The T p increased and ⌬H decreased with increase in the severity of heat treatment during the parboiling process. The physical property of color value correlated positively with the T p and the degree of starch gelatinization correlated positively with the hardness of the parboiled rice. The T p , which represents half the conversion temperature of the sample melting, is believed to be a suitable indicator to identify the severity of heat treatment in the parboiling process. The quantitative T p values of 77.4 to 79.2˚C corresponding to the processing conditions of 90˚C-30 min and 100˚C-15 min are viewed as an index for better quality of the rice. The thermal properties thus can be utilized to understand the cooking behavior of parboiled rice.
Parboiling is the hydrothermic treatment given to rough rice; it consists of soaking, steaming and drying. During the parboiling process, starch gelatinization takes place, a thermochemical reaction between the starch granules and heat energy in the presence of water. The starch gelatinization brings about changes in the physicochemical properties of rice (Raghavendra Rao & Juliano, 1970; Kimura, 1983; Bhattacharya, 1985; Itoh & Kawamura, 1985; Kimura, 1991; Kimura et al., 1993; Islam et al., 2001) , which affects the other processing operations of storage, milling, cooking and eating qualities. Islam et al. (2002) studied the effect of processing conditions on the physical properties, the quality indicators of parboiled rice: moisture content after steaming, hardness, milling yield, lightness and color value, produced at lower (80, 90 and 100˚C) and higher (110 and 120˚C) temperatures. They reported that parboiled rice produced at lower temperature provided a better quality product than that produced at higher temperatures.
Differential scanning calorimetry (DSC) is a widely used technique which provides quantitative information about the gelatinization, retrogradation and phase transitions of various starches (Donovan et al., 1983; Shiotsubo & Takahashi, 1984; Nakazawa et al., 1985; Biliaderis et al., 1986; Hoover & Vasanthan, 1994) . The technique is also gaining in importance for characterization of the thermophysical changes of parboiled rice (Mahanta et al., 1989; Biliaderis et al., 1993; Marshall et al., 1993; Ong & Blanshard, 1995) . As true of the physicochemical properties, the thermal properties of rice are also changed by the parboiling treatment, which affects the final cooked rice quality (Biliaderis et al., 1993) . Thermal properties, i.e., the gelatinization parameters of parboiled rice were evaluated with respect to peak temperature and residual gelatinization enthalpy. Before investigating the cooking behavior of parboiled rice, information on those gelatinization parameters is needed for different parboiling treatments.
Objectives The main aim of this study was to determine the thermal properties, i.e. gelatinization parameters of parboiled rice produced at lower temperatures (80, 90 and 100˚C) and to compare those properties with that of rice produced at higher temperatures (110 and 120˚C) using a fabricated laboratory-scale experimental setup. Specific objectives were: i) to study the effect of parboiling treatment on the thermal properties of parboiled rice, such as peak temperature and the residual gelatinization enthalpy for different processing conditions and sample sizes, ii) to identify the optimal thermal property as the quality indicator, and iii) to characterize the quantitative values of the thermal properties and processing conditions for a better quality of parboiled rice.
Material and Methods
Material 'Belle Patna' was used in this study, an indica variety of rough rice which was harvested at the Japan International Cooperation Agency (JICA) Agricultural Farm, Tsukubashi, Ibaraki-ken, Japan in 1999. Before conducting the experiment, the rough rice was stored in a refrigerator at 5˚C.
Experimental setup A laboratory-scale experimental setup was fabricated to produce parboiled rice at lower temperatures (80 to 100˚C). Figure 1 shows a schematic diagram of the experimental setup. It consists of: an aluminum electric rice cooker (Model SR-W 180, 1.8 l, 100V, 600W, National Electric Co., Osaka); an aluminum sample holder having a perforated bottom with a cover; a PID (proportional plus integral plus derivative action) temperature controller (TF3-10, Keyence Co., Ltd., Osaka); a relay switch and a data logger (Model 436506-20/H8, Yokogawa Electric Corporation, Tokyo). The outer surfaces of the rice cooker and the sample holder were insulated with a 10 mm thick synthetic foam to reduce heat loss. During steaming at 80 and 90˚C, temperature was controlled by the combined action of the PID temperature controller and the relay switch through a *To whom correspondence should be addressed E-mail: toshibio@sakura.cc.tsukuba.ac.jp thermocouple wire placed in the cooker between the sample holder and the water surface. The data logger was used to record the rough rice (referred to hereafter as material) temperature.
Parboiling Soaking was done in a water bath shaker (MM-10, Taitec Co., Ltd., Saitama) at 65±0.1˚C. In this study four different sample sizes were considered (75, 120, 200 and 400 g, which maintained a layer of rough rice 5 to 20 mm thick). About 300 to 2000 g of rough rice was soaked at a time in different nylon bags according to sample size. For example, in case of 2000 g, 5 nylon bags with 400 g of rough rice in each were used. For steaming at 80, 90 and 100˚C the fabricated experimental setup was used, and for 110 and 120˚C an autoclave (BS-245, Tomy Engineering Co. Ltd., Tokyo) was used. Parboiling conditions of this study can be seen in Table 1. Table 2 shows the moisture content of the individual samples. The aim was to dry the samples at the same moisture level. The average moisture content was 11.03±0.77%. After drying samples were stored at room temperature in airtight polyethylene bags for moisture equilibration and hardness stabilization (Kimura, 1991) . Other tests were conducted after at least seven days. Husking was done using a FCS type impeller husker (Otake Co., Oharu, Japan). A VP-31T friction type (Yamamoto Co., Tendou, Japan) and a test rice polisher (Pearlest, Kett Electric Laboratory, Tokyo) were used for whitening. Milling was done at 6 to 12% degrees. A TRG cylindrical separator (Satake Co., Higashihiroshima) was used to separate the whole kernel. The change of the rough rice temperature was recorded by the data logger. For sample sizes of 200 and 400 g two sensors were used: one was placed at the bottom on a layer of single grain thickness and the other was placed on the top surface of the grain. The average value was reported as the material temperature during steaming. For the sample sizes of 75 and 120 g, a sensor was placed on the top surface of the grain. In all cases sensors were placed at the diametric center of the sample holder.
Measurement of the thermal properties of parboiled rice The thermal properties of parboiled rice flour were measured with a differential scanning calorimeter (DSC 6100, Seiko Instruments Inc, Chiba). Rice flour of the whole kernel milled rice was prepared using a grinder (Carioca mill) for a grinding period of 45 s. The moisture content of the rice flour was determined by drying duplicate samples of 2 g in an oven at 135˚C for 1 h and was 13.94±0.91% on a dry basis. It was reported that in starch/water mixtures of rice starches containing more than 60% water, a single symmetric endotherm is produced (Biliaderis et al., 1986) . As the water content decreases, the size of the endotherm progressively reduces with a concomitant development of a second endotherm at higher temperature. Rice flour of 3.88±0.11 mg (3.41±0.11 mg dry matter) was placed in a 15 l aluminum pan and a calculated amount of distilled water was added with a micropipette. Samples of 13.48±0.91 mg having a moisture content of 74.58±1.80% were prepared. The aluminum pan was sealed hermetically. Before the sample preparation the aluminum pans were autoclaved at 120˚C for 20 min to avoid any minute heat effect due to reaction between aluminum and water at high temperature (Shiotsubo & Takahashi, 1984) . About 45 to 60 min was allowed to equilibrate the sample in the pan at room temperature before scanning. Thermal curves were obtained from 30 to 120˚C at a scanning rate of 1˚C/min (DSC 6100 Manual, 1997 ). An empty aluminum pan of the same weight was used as a reference. In all runs, the outer surfaces of the pan were fluidized by nitrogen gas at a rate of 20 ml/min to prevent condensation. After scanning weight of the sample was recorded to confirm pan failure, the peak temperature (T p ) and the residual gelatinization enthalpy (⌬H) were calculated utilizing software of the disk ther- mal analysis system, 1995 Version 1.3 (Seiko Instruments Inc, Chiba, Japan). In some cases several runs were performed with the same sample and a representative thermogram was taken for data acquisition. The beginning and end point of the gelatinization endotherm were obtained from the intersections of the two tangents around the inflection point (Sekine et al., 2000) . The ⌬H was estimated by integrating the area between the thermogram and a baseline connecting the beginning and end point of melting under the peak, and was expressed in mJ per unit weight of the dry matter (mJ/mg). Degree of starch gelatinization The degree of starch gelatinization was determined by comparing the ⌬H of parboiled rice sample with that of untreated rice. Calculation was done using the following formula (Marshall et al., 1993) :
where %SG is the percentage of starch gelatinization; ⌬H par is the enthalpy of parboiled rice sample and ⌬H raw is the enthalpy of untreated rice.
Results and Discussion
Change of the material temperature during steaming Figure 2 shows change of the material temperature during steaming for different steaming conditions and sample sizes. The experimental setup was used for steaming at 80, 90 and 100˚C, and an autoclave was used for 110 and 120˚C. The material temperature rose to about 70, 80 and 99˚C during the steaming period of 30, 25 and 7 min, respectively, when temperatures of steam were 80, 90 and 100˚C ( Fig. 2A) . In autoclaving, material and steam were considered under the isothermal conditions, and it took about 7 and 9 min to attain the temperatures of 110 and 120˚C, respectively. The effect of sample size was greater on the material temperature in the heating phase than in the cooking phase during steaming. If we consider the material temperatures of 70, 80 and 99˚C when steaming at 80, 90 and 100˚C, then from Fig. 2 it can be seen that it took about 30, 25 and 7 min for the sample size of 400 g; 12, 11 and 4 min for the sample size of 200 g; 6, 6 and 3 min for the sample size of 120 g and 3 min for the sample size of 75 g, respectively, to attain the above material temperatures. The change of material temperature was closely similar in case of sample sizes of 200 and 120 g steaming at 80˚C and for the sample sizes of 200, 120 and 75 g steaming at 90˚C for the period of Ն20 min.
Thermogram of parboiled rice flour Figure 3 shows the thermograms of parboiled rice flour for different processing conditions. Fan et al. (1999) reported that gelatinization of the longgrain rice flour in water occurred at temperatures from 73.0 to 86.0˚C. This figure shows that the peaks appeared in the temperature range of 71.8 to 84.4˚C. Therefore, these peaks were the enthalpy for the residual ungelatinized fraction of starch due to parboiling treatment. Sometimes it was difficult to identify the end point of melting correctly because of wider inflection of the thermogram after the peak. The peaks decreased and the transi- tion temperatures were found to shift to the higher temperature side compared with the thermogram of the untreated sample. The lower melting temperature fraction of the sample melted in the earlier stage of steaming, which might have been the reason for the shift in transition temperatures.
Peak temperature (T p ) A sample with a broad melting range can be better characterized by its melting temperature of T p , since it represents half the conversion temperature, which is commonly defined as the true gelatinization temperature (Shiotsubo & Takahashi, 1984) . Figure 4 shows the effect of parboiling treatment on the peak temperature for different steaming conditions and sample size. The T p increased with increasing steaming temperature and period, and decreasing sample size. The increase of T p was also reported for heat moisture treated cereal and tuber starches (Lorenz & Kulp, 1982; Donovan et al., 1983; Kuge & Kitamura, 1985; Stute, 1992; Hoover & Vasanthan, 1994; Ong & Blanshard, 1995; Hoover & Manuel, 1996) . From the above result it can be seen that the increase of T p indicated the severity of the heat treatment during the parboiling process. Since T p represents half the conversion temperature of the sample melting, T p might be a suitable quality indicator of parboiled rice. It is generally knowledge that longer time is needed to cook parboiled rice (Bhattacharya, 1985; Guha & Ali, 1998) ; higher transition temperatures might delay the cooking process. It can thus be assumed that the transition temperatures provide useful information about the cooking qualities of parboiled rice.
Residual gelatinization enthalpy (⌬H) Gelatinization involves the uncoiling and melting of external chains of amylopectin that are packed together as double helices in clusters (Hoover & Manuel, 1996) . Cooke and Gidley (1992) have shown through studies of starches at various steps of the gelatinization process that the relative decrease in double helix content parallels the relative decrease in both crystallinity and residual gelatinization enthalpy. Figure 5 shows the effect of parboiling treatment on residual gelatinization enthalpy for different steaming conditions and sample sizes. The ⌬H generally decreased with increasing severity of heat treatment and this trend was clear as steaming temperature rose. Biliaderis et al. (1993) also reported that the gelatinization enthalpy of parboiled rice decreased with increase in steaming temperature. During parboiling, as long as the heat treatment was high, melting of the starch granules increased, sharply decreasing the ⌬H. At a lower steaming temperature, especially 80 and 90˚C, mild parboiling treatment was achieved, which can be understood from the higher residual gelatinization enthalpy of⌬H, almost same to untreated one in some cases. The information in Fig. 5 is very important for processors of parboiled rice, because it can be used to estimate the enthalpy for starch gelatinization, as well as that required for different processing conditions to identify the severity of heat treatment during the parboiling process. As true of T p , ⌬H, which varies with different processing conditions, may influence the cooking behavior of parboiled rice.
Interrelationship between the thermophysical properties of parboiled rice In a previous communication (Islam et al., 2002) the quantitative color values of 17.0 to 21.0 were reported as an index of the quality of parboiled rice for steaming temperatures of 80 to 100˚C. The better quality of parboiled rice was determined through the physical properties of hardness, milling yield, lightness and color values compared with the untreated sample. The color value was calculated using the following equation (Kimura et al., 1993): where B is the color value, a* and b* are the coordinates of the CIE L*a*b* color space system and were measured with a color meter (CR-200, Minolta Co., Ltd., Tokyo). Figure 6 shows the relationship between color value and peak temperature. A positive linear relationship can be seen (r=0.88, p<0.001, n=47) . The T p value for the better quality of parboiled rice can be estimated from this figure and was found to be in the range of 77.4 to 79.2˚C. In Fig. 2 it shown that in the cooking phase of steaming similar material temperature was obtained for the sample sizes of 200, 120 and 75 g. If we select the sample size of 200 g for producing parboiled rice, then it can be seen that above peak temperatures can be achieved through the processing conditions of 90˚C-30 min and 100˚C-15 min, respectively (Fig. 4) . These processing conditions were comparable with our previous results (Islam et al., 2002) .
Many researchers have reported that parboiling treatment increased the hardness of kernels and depends on severity of the heat during this process (Raghavendra Rao & Juliano, 1970; Ali & Bhattacharya, 1976; Pillaiyar & Mohandoss, 1981; Bhattacharya, 1985; Itoh & Kawamura, 1985; Kimura, 1991; Islam et al., 2001) . In our previous communication (Islam et al., 2002) it was reported that a better quality of parboiled rice was achieved in the hardness value range of 55 to 80 N. The hardness value was measured using a compressional-elongational rheometer (Texture Analyzer TA-XT2, Stable Micro System, Surrey, England) according to Islam et al. (2001) . The average bio-yield point value (Mohsenin, 1980) of 25 determinations was expressed as the hardness of parboiled brown rice; Fig. 7 shows the relationship between this hardness and the degree of starch gelatinization. The figure shows that degree of starch gelatinization correlated positively (r=0.72, p<0.001, n=41) with the hardness value. In the literature 40% starch gelatinization was suggested for commercially produced parboiled rice (Kimura et al., 1976) and the maximum head rice yield (Marshall et al., 1993) . The above percentage of starch gelatinization corresponded to about 74 N of hardness value, this was comparable to that reported earlier (Islam et al., 2002) . Thus DSC might be used to determine the starch gelatinization of parboiled rice. The above result also indicated that to produce a better quality of parboiled rice at lower temperatures (80 to 100˚C) starch gelatinization even below 40% should be aimed at.
Conclusions
The thermal property, i.e. gelatinization parameter of T p , which represents half the conversion temperature of the sample melting, can be used to identify the severity of the heat treatment during the parboiling process. The quantitative value of T p in the range of 77.4 to 79.2˚C that corresponds to the processing conditions of 90˚C-30 min and 100˚C-15 min can be viewed as an index for optimal quality of parboiled rice. Higher T p of parboiled rice may delay the cooking process. It is assumed that thermal properties can provide useful information about the cooking behavior of parboiled rice.
